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Composite Higgs Model

What is Composite Higgs? > PNGB from strong dynamics

Original one: SU(5)/SO(5) gives 14 pNGBs; Higgs mass protected by “shift symmetry”;
EWSB triggered by vacuum misalignment.

[Georgi, Kaplan 1984]

Global symmetry broken at TeV scale with f >> v, EWPT vs “Naturalness”
Top quark mass can be generated via partial compositeness
SM fermion couples to strong sector: MsymOcrr

[Contino, Nomura, Pomarol 2003; Agashe, Contino, Pomarol, 2004]

Minimal CHM based on fundamental dynamics requires SU(4)/Sp(4)

Give rise to one Higgs doublet plus one singlet
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Fundamental Theory

Underlying dynamics is Sp(2N.)rc gauge theory with 4 Weyl techni-quarks:

1 2 & =P s
[Galloway, Evans, Luty, £ = —ZFE’,/F“W +Q;(ic*D,)Q; — M7 Q;Q; + h.c. Minimal choice :

Tacchi, 2010 ; :
CaCCiapaina, Sannino, MQ — < L 102 O ) X tech,ni_qua/rk mass @p(Z) X SU<QD
2014] SPe S )
Bound states will form in the IR:
(7‘(‘“, 0‘) : <QQ> T 6SU(4) i 55p(4) D 1Sp(4) compsoite scalars
(pL, al,fé) - (Qot Q) = 15577 (4) = 105p(4) D Ssp(a) composite vectors

For N. > 2, add 6 techni-quarks x; = coloured pNGDBs plus top partners.

[Barnard, Gherghetta, Ray, 20| 4; Ferretti, 20 | 4; Cacciapaglia, Cai, Deandra, Flacke, Lee, Parolini, 201 5]

[Belyaeav, Cacciapaglia, Cai, Flacke, Parolini, Serodio, 2015]

How to implement vector resonances in EFT ?
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Hidden Symmetry

Using Hidden symmetry techniques, one can extend the global symmetry to be:
SU(4)p x SU(4)1 — Sp(4)

Composite fermions!?

& ~ ) K = eikivi/fK & &
ne, W, B L
; 7T1 Y p,u,7 a’,u,
SM fermions ‘
& _J \_ J
elementary sector Stl‘Oﬂg sector

nd, ¢, k': 20 Nambu-Goldstone bosons, 15 eaten by V*, A“

3 eaten by W, Z, two physical scalars remain: h,n.
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Model Setup

We adopt the CCWYZ formalism and define 2 sets of pions for enhanced global symmetry:

1969; Callan, Coleman,

Wess, Zumino, 1969; Bando, -,\/5 5 .

Kugo, Yamawaki, 1988] Ui = ep| 223 (xiY9)
£ fl a=1 A

i : :
; 2

[Coleman, Wess, Zumino, 7, — exp ’L}/— Z(Wgya)

E O i

Project Maurer-Cartan forms into:

brokeiiidiiection s — s s=—on? Z BrYe U,;r 2 e B e
a
HERTN Ao ey + .
unbroken direction = v,; = 2 Z Tr(VoU, D, U;) Vg
a

Thus v, ; transform like gauge bosons and p,, ; transform homogeneously.
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Effective Lagrangian

1 1 1
e py LA R K
s _2g2 Tr Wy W 2g72 Tr By B 272 Tr FuuF

—

1
QO (o) f5 Trpouph + S K6 (0)f2 Trp1,pY + rlo]f? Trpoqu@

1 1 : S
B ERK(J)J@{ e, DERD Rl 56“(78“0 — V(c) Pion kinetic terms

’ Axial partial compositeness
Vector partial compositeness

composite vectors: JF, = Z ViVa + Z ALY
a=1 a=1

K =exp [tV fr] ;5 DuK —0,K — oK + 1Kvy,
The K field is to break Sp(4)p x Sp(4)1 into the diagonal final Sp(4).
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Physical Pions

Due to the r term, we need to rotate 2 sets of pions into orthogonal unitary basis,

1
i 2 /2
\/1_7"2f1/f0

i iep
i 2R

mp is associated with physical scalars and 7y is NG boson eaten by :13’5 and ZEg ;

Unitary basis = no bilinear mixing in terms of d,h = and d,n Zj

Since v2 = (f& — r?f#) sin? 0, with EWSB, there is no divergence in the pion rotation.
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Model Spectrum

One charged state of exact mass My does not mix with W and B; Neutral
Sector gives a massless photon.

4

1 ¢ 1 .
2 2 2
r’ (&) s 4 r?(e2e” sg 4
R (e A o = i (1250 o ()
2 g 2 g
2 12 4
1, 5 (g*(cos(20) + 3) g\’ _ a2 g°+g 2 g
My+ = ZMV( e +4)+0 z Myo so My 1+—4§2 (1+C0) +0 z
There are additional no mixing states 522’0, 52, 562 and 52, with masses:
Mz = Mz =My and My =Mz =My.
Typical HVV couplings:
2 2
2My,  gm 2Mz g

M
CQ —_ ChZZcQ

v
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Electroweak Precision Tests

The S-T is exploited to exclude the unfavored region in the parameter space.
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B TIy Jo- C RLie VIErT  TosTsg TRES, ST BALE AU o st T tRs 43%,[/ g2 (7"2 — 1) sg
I S-T exclusion | R ~2 2 DI 2
, , apw 2%+ g2 [2+ (r? — 1)sg]
i u ] 1 A
r=0.1 2
0.8+ d _|_ — S 10 mrare.
] — 1=0.6 ] o ogd (mh>
r=0.9
I ¥ ] 3 A
06k r=1.1 | T P 82 ln A

8mcos2 Oy ¢ my

0.4+ . .
r ~ 1: a partial cancellation occurs

7 | in S parameter, in certain range of g,
02| . there is no bound for the 6 angle.

()l

stronger than Higgs coupling constraint !

(Planck 2016)

0-0;‘ R N BN e e Mok 11 RN WA ‘; r < 1: EWPT typically requires 6 < 0.2.
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Fermion Currents

Field Fermion currents C GP
Massive spin-1 V,, (unbroken generators)
vt Dy*U
0 T (U’y”U ny“D) i) +
% U~y*D
=~ 1 . T e
|_ oY V2cos 0 (UTC”y”D) + 75 sin 0 (U’y“U A ny“D) — —_|
st | cosf (Dy*yU) + Lsind (UTC"y‘W‘r’U — 3'7“075ﬁT)
s0 —% cos (U”y“’yE’U — 57“75D) —V25inf (UTC”y“’yE’D) 1 AF
s™ | cos 0 (Uv*9°D) + %sin6 (U7”075U — DT07“75D)
5t i (UT07“75U + Dy#CyD ) B
59 V2R (UTCy#~45D) —[=Il =
5% % (Ufy“C"yE’UT ‘i DTC'y”ny’D)
N 4
Massive spin-1 A,, (broken generators)
at | %cosf (UTC"y“'y5U Dy*C~y°D ) — sin6 (Dy"y°U)
a® |—v2cos0S (UTC"y“75D) sm@ ( YHYPU — Df)/”’y5D) + -
a” | %cosf (Ufy“C’ny’U DTC"y“ny’D) —sin6 (Uy#~°D)
20 V2R (U TC”)/”D) + +
!_500 T cos 6 (U'y“U + D’}/“D) V25sin 0 (UTCW“D) — —_!
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P-Parity : U ~» iU, D 249D
G R T et S D G A e A S B
G-Parity : U 25 —42D*, D & A2y~

Under the parity operation: a vector fermion-
current has CP = +; and a pseudo-vector
fermion-current has CP = —.

The GP is a good symmetry and being
selection rule for decays. Only the tilded
fields and 7 are odd under this parity.



Cross Section @ LHC Run Il

The benchmark point: M4 = 3 TeV,
g=3.0,r=0.6 and 0 = 0.2.

No ST state can be directly produced
since it is purely composite.

- o o = = ===
-

T o o e e e
E oo -

For My = M4, cross sections of axial
resonances turn out to be zero.
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My < M4 Scenario

; T Leptons Neutrinos ---- Light quarks ---- Top
Leptons Neutrinos Light quarks To - =
bren ama P VEWS - W — V% -- g%
— W'W —  hz — WW — hz  — nS

1 — 1 E
— Firsmmimimmininn — ——————

107 = e = =
< £ b £ T :
< I I S i < i i
Jio2l | oL T - = T =
>k E x "0 F e
o - ] o ] =
M B ERE R o Rty LT p G - S e y
107° = e = 10° = =
1074_I 11 1 I 1 1 11 I 11 1 1 I 1 11 1 I 1 1 11 I 11 1 1 I 1 11 1 I 1 1 11 I_ 10—4:—!—| I 1 1 I 1 L ||| 1 1 L1 1 1 I 1 1 1 I_
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0 0

VY mainly decays into SM fermions and dibosons and Higgs.
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My < My

Scenario

Leptons

Neutrinos ---

wW'w  — hZ

Light quarks ---" Top
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Leptons Neutrinos ---- Light quarks ---- Top
AW — A% - x°z —WW
— hZ
g-- ----- _.—'_'_'_'_'_'_'_'_'_'_'_—'_g
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0

* A® mainly decays into SM fermions and dibosons and Higgs.
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Direct Bounds - LHC Run |l

Recasted from ATLAS measurement, with dilepton bound in solid line and WZ bound in dashed line.

8 ] 06— [ s
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The [T1~ and W Z are complementary to each other.

The dilepton exclusion imposes quite strong bound = My = 2.5 TeV !
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Futurel 00 TeV Collider

Using Lattice benchmark point: My = 3.2/sinf TeV, M 4 = 3.5/sin 0 TeV.

[Arthur, Drach, Hansen, Pica, Sannino 201 6]

or <O(1) fb for 6 ~ 0.2, with an integrated luminosity 3 — 30ab™! per year.

[Richter, 2014; Rizzo, 201 5]

Leptons

— W'w

VEW'

Neutrin_os
S\ A—
hZ —

Light quarks ---- Top
0

nS : - The branching ratio into WTW ™,
] hZ is sensitive to r.

- AY state mainly decays into heavy
resonances, in particular nSO.

- Cascade decay: A° — nS° — 2n+Z,

n — tt, will give rise to interesting
multi-tops events.
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Conclusion and Outlook

Spin-1 resonances are implemented in a SU(4)/Sp(4) CHM using Hidden
symmetry techniques; Composite fermions not included yet.

S parameter can be well protected due to a partial cancellation.
At LHC Run-ll, the Drell-Yan process imposes a stringent bound.

Searching for signatures related to such resonances is possible to unveil
EWSB mechanism.
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